The purple bacterium Rhodopseudomonas viridis was found to contain a new type of bacteriochlorophyll (type b) in 1963 (10) and was characterized in more detail and classified 3 years later (9) . R. viridis is an anaerobic, photosynthetic bacterium with microaerophilic growth capacity (28) , in contrast to the aerobic species Rhodobacter capsulatus and Rhodobacter sphaeroides, but no detailed investigation on the microaerophilic properties of R. viridis has been reported until now.
Under anaerobic conditions, R. viridis forms intracytoplasmic membranes, called thylakoids, which contain the photosynthetic reaction center (8) . The integral membrane protein-reaction center complex catalyzing light-induced electron transport through the photosynthetic membrane has been isolated and crystallized (18) . By X-ray diffraction of crystals, an electron density map at a resolution of 3 A (0.3 nm) could be calculated (6) ; this, together with elucidation of the primary structure of the reaction center by a combination of protein and DNA sequencing methods (19, 20, 34) , enabled for the first time a complete understanding of the structure of a membrane protein complex at atomic resolution.
To study the structure-function relationship in the photosynthetic reaction center of R. viridis, site-specific mutagenesis, homologous expression, and investigation of the specifically modified gene products are ideal tools. To apply these methods, however, an understanding of photosynthetic and microaerophilic growth behavior and of the conditions for induction of the photosynthetic process is necessary. In addition, an effective gene transfer system and an appropriate reaction center-negative mutant for use as a host must be available. Here we report on microaerophilic growth conditions and induction of the reaction center independent of its functional role. * As an alternative to growth on agar plates, cell suspensions (100 ,ul) were mixed with 1% Bacto-Agar in 10 ml of N medium at 40°C and poured into sterile glass tubes, which were sealed with a cotton plug. The cultures were incubated at 30°C under illumination with white light from 150-W lamps (Osram) at a distance of 50 cm (15 to 20 mW/cm2) or at 30°C in darkness.
Induction of the photosynthetic reaction center. R. viridis was grown microaerophilically in darkness at 30°C in 250 ml of N medium with or without 1% glucose in 500-ml Erlenmeyer flasks on a rotary shaker at 100 rpm. In the late logarithmic growth phase, oxygen was removed by bubbling nitrogen through the cell suspension. The culture was then incubated at 30°C with stirring with or without illumination by white light (5 to 10 mW/cm2). Portions of 10 ml were sampled for cell density and bacteriochlorophyll b determination.
Bacteriochlorophyll b determination. Cells from the 10-ml samples were collected by centrifugation, and the cell pellet was weighed. Bacteriochlorophyll b was extracted with 2.0 ml of methanol in the dark (25) Analysis of incorporated radioactivity and of labeled proteins. The incorporated 35S radioactivity was determined in duplicate 2-,lI samples as described previously (2) . Protein mixtures were separated in SDS-polyacrylamide gels (14) and blotted to nitrocellulose as described previously (3). Fluorography of polyacrylamide gels was performed as described elsewhere (16) .
Determination of respiratory activity. Respiration of R. viridis cells from a microaerophilic culture in late logarithmic phase was measured manometrically as 02 consumption in a Warburg apparatus (31) at 30°C in the dark under normal atmosphere.
MIC determinations. N medium (10 ml) containing increasing amounts of antibiotics (1, 5, 10, 25, 50 , and 100 ,ug/ml) was inoculated with 0.5 ml of a stationary phototrophic culture of R. viridis and incubated under microaerophilic conditions at 30°C in the dark. Cell densities were measured after 4 days. The herbicide terbutryn was mixed into agar plates at concentrations of 10-2, 10-3, 10-4, 10-5, and 10-6 M, and growth was examined under phototrophic conditions.
Survival in the presence of mutagens. A cell suspension (10 ml) in the logarithmic phase was irradiated at room temperature in an open petri dish by UV light from above (Desaga Minivis, 254 nm, 1 mW) (23). After 0, 5, 10, 20, 30, 45, 60, 90, 120, 180, and 300 s of illumination, equal portions were diluted and mixed in sterile glass tubes with N medium containing 1% Bacto-Agar. The tubes were incubated at 30°C in the light. The chemical mutagen MNNG was added to a final concentration of 10 ,ug/ml in 10 ml of the cell suspension, and the tubes were incubated for 0, 2, 5, 10, 20, 30, 45, 60, 90, 120, and 150 min at 30°C in the dark. The samples were then treated as described above.
For mutagenesis, cells were treated for 35 s with UV light or for 30 min with MNNG (10 p.g/ml) as described above. Both mutagenized cell suspensions were diluted, plated on N medium, and incubated with 0.1% oxygen at 30°C in the dark.
Immunological methods. Adult rabbits were injected with partially solubilized reaction center crystals (0.5 mg) in 1.2% SDS-50% complete Freund adjuvant and reinjected after 4 weeks with the same amount in 50% incomplete Freund adjuvant. After 10 more days, blood samples were taken and the immunoglobulin G fraction was isolated from the serum by ammonium sulfate precipitation and affinity chromatography on protein A-Sepharose CL-4B (11) . Antibody titers were determined by dot blot analysis with the help of a nitrocellulose-fixed reaction center. The reaction centerantibody complex was visualized with fluorescein isothiocyanate-labeled goat antibodies against rabbit immunoglobulin G as described previously (27) . tation, no growth occurs. The illuminated tubes showed, by the green color of the colonies starting about 6 mm below the agar surface, the anaerobic zone where photosynthetic growth could occur (Fig. 2b) . This growth method was also used for viable count assays of R. viridis. For cloning of R. viridis under photosynthetic or microaerophilic conditions, cells were streaked on agar plates and incubated either in an illuminated anaerobic chamber or under microaerophilic growth conditions by exposure in the same chamber in darkness to define mixtures of oxygen (0.05 to 0.30%) and nitrogen. Under optimal conditions of microaerophilic growth (0.1% oxygen), single cells grew into colonies in about 4 weeks; under photosynthetic growth conditions, colonies formed in about 1 week.
Alternative electron acceptors. Since microaerophilic growth of R. viridis colonies is time consuming and requires mechanical constructions, alternative electron acceptors to oxygen were investigated. Neither dimethyl sulfoxide (35) , potassium nitrate, nor sodium nitrite mediated anaerobic growth in the dark. In parallel experiments, the toxicity of these compounds was tested under microaerophilic growth conditions; sodium nitrite at any concentration and potassium nitrate at concentrations of more than 1% were found to be toxic.
Induction of the photosynthetic reaction center. For genetic manipulation of R. viridis and specific mutagenesis of its reaction center, induction of the photosynthetic mechanism independent of its functional state is essential but difficult. For the purple bacterium Rhodobacter capsillatlus, the induction signal was shown to be the drop in oxygen level below a certain threshold (38) . The problem with R. viridis is that if a functionless reaction center is to be induced by the cell, the requirement to turn off oxygen in the dark leaves the cell with no metabolic energy, neither from light nor from oxygen or fermentation; therefore, protein synthesis depends on endogenous energy reserves. In a first experiment, a microaerophilically grown wild-type culture from the late logarithmic phase was illuminated under anaerobic conditions. This stopped growth but induced the synthesis of photosynthetic proteins, as seen by the fact that the bacteriochlorophyll concentration in the cells increased until it reached the level in a photosynthetic culture. Subsequently, cell density also increased to the value of such a culture (Fig.  3) . The same experiment carried out in darkness did not reveal a change in bacteriochlorophyll b concentration or cell density, as expected on the basis of the lack of an energy source (Fig. 3) .
As mentioned above, 1% glucose added to N medium had some stimulating effect, and this proved to be the solution to the problem. Fermentative metabolism in R. viridis does not allow growth but produces energy at a low level (29, 30) . Addition of glucose stimulated the production of energy enough to drive protein synthesis, seen as the induction of the photosynthetic process upon addition of 1% glucose to the medium (Fig. 3) . Production of metabolic energy, however, was not high enough to allow further growth after induction of the photosynthetic process, as in the experi- (15) .
days after induction began (Fig. 4b) . Protein synthesis activity started to decrease at day 4, apparently because stationary levels of reaction centers and accessory pigments necessary for effective photosynthesis were reached. These results were confirmed by measuring the total incorporation of [35S]methionine per gram of cells after induction of the reaction center (Fig. 4a) . Again, at day 4 after induction, maximum radioactive labeling occurred before the biosynthetic activity decreased to the level of a standard microaerophilic culture. The increase in methionine incorporation resulted only from synthesis of proteins of the photosynthetic unit.
The labeled band on the SDS-gel (Fig. 4b) was identified as the H subunit by Western blotting (immunoblotting) (not shown). For this procedure, electrophoretically separated cell proteins were transferred to nitrocellulose and incubated with rabbit antibodies directed against reaction centers. The rabbit antibodies were then visualized by using fluorescein isothiocyanate-labeled goat antibodies against rabbit immunoglobulin G. The finding that the rabbit antibodies recognized mainly the H subunit is explained by the fact that with crystalline reaction centers as antigens, most of the antibodies produced are against the hydrophilic H subunit and cytochrome c. In addition, the L and M subunits of the reaction center together with cytochrome c usually form insoluble aggregates when heated and are lost during sample preparation. Determination of respiratory activity. Since respiration could be involved in the phenomenon of microaerophilicity, the respiratory activity of R. viridis was measured in a Warburg apparatus. Microaerophilically cultivated R. viridis cells showed normal respiratory activity, consuming about 20-fold their cell volume per hour.
Sensitivities to antibiotics and mutagens. Several antibiotics were tested for inhibition of R. viridis growth ( Table 2 ). The effective antibiotics were those that could be inactivated by products of resistance genes that are frequently used in vector constructions. The cells were also sensitive to the mutagen MNNG and the herbicide terbutryn (Table 2) .
For isolation of R. viridis mutants unable to express the photosynthetic reaction center, statistical mutagenesis with UV light (254 nm) and MNNG at a concentration of 10 p.g/ml was used. Figure 5 shows the survival curves of R. viridis cells upon treatment with these mutagens.
Statistical mutagenesis. Mutagenesis with UV light and MNNG produced three types of phenotypically distinct mutants (Table 3) . Type 1 were almost colorless colonies that grew in N medium-1% glucose and remained colorless upon removal of oxygen in the dark, i.e., could not induce bactefiochlorophyll b synthesis and therefore functional reaction centers. Although these mutants were phototrophic growth negative (Phot-), they were useless for experiments with mutagenized reaction center genes. These experiments required an intact biosynthetic pathway of bacteriochlorophyll and proper incorporation into the reaction center complex. Type 2 colonies also were nearly colorless when grown on N medium-1% glucose, but they displayed inducible bacteriochlorophyll b biosynthesis and were Phot+. These were either wild-type cells or mutants with a defect not in the photosynthetic system. Type 3 colonies were also almost colorless when grown on N medium-1% glucose and displayed inducible bacteriochlorophyll b synthesis but were not able to grow phototrophically and thus were Photmutants. This group included reaction center-negative mutants and light-harvesting complex-defective mutants that had a dramatic increase in generation time and therefore could be considered Phot-. Assembly mutants of the reaction center would also be expected to fall into this category. Therefore, screening of this group for the appropriate reaction center-negative cells is necessary. DISCUSSION R. viridis can be cloned in the dark only with oxygen concentrations of 0.05 to 0.3%. The biochemical reason for this microaerophilic property remains unknown. Limitation on the respiratory rate could be excluded because the respiratory rate was found to be comparable to that of aerobic bacteria. Another explanation not investigated here could involve enhanced sensitivity to toxic forms of oxygen, such as superoxide, hydrogen peroxide, or hydroxyl radicals, caused by either production or slowed enzymatic degradation of these species. Other possibilities are the occurrence of oxygen-sensitive proteins, such as cytochromes, flavoproteins, hydrogenases, or nitrogenases (13) . A most unlikely possibility is the dependence of growth on oxygen-sensitive substrates.
Microaerophilic growth suppresses in R. viridis, as in Rhodobacter capsulatus (37) , the synthesis of bacteriochlorophyll b, the reaction center, soluble cytochrome c2 and the be complex (12) . A soluble cytochrome of the b type, however, which does not occur in phototrophically grown cells could be identified (12) . As mentioned above, lack of the bec complex does not prevent effective respiration; therefore, one must assume that in R. viridis as in Rhodobacter capsulatus, a branched pathway makes respiration independent of the active bec complex and also of cytochrome c2. Such a branched pathway, which uses terminal oxidases that transfer electrons directly from ubiquinone to oxygen, was first discussed 1973 (17) and summarized 1988 (5) for Rhodobacter capsulatus. In conclusion, the be1 complex seems to be obligatory for photosynthetic growth but appears not to be essential for respiration in R. viridis.
All possible aerobic and anaerobic combinations of light and dark growth conditions for R. viridis were investigated during this work. No significant fermentative growth without light and oxygen was observed (29) . R. viridis, in contrast to Rhodobacter capsulatus, was not able to use dimethyl sulfoxide (35) , potassium nitrate, or sodium nitrite as an alternative terminal electron acceptor to oxygen. None of the usual carbon sources could be used for fermentative growth, and no other media improved microaerophilic or even phototrophic growth. Only the addition of glucose to N medium resulted in slightly enhanced cell densities at the stationary phase of a microaerophilic culture.
Use of glucose in N medium was essential to find induction conditions for functionally defective reaction centers. Although the mechanism by which glucose increases the cellular energy level is unknown, the fermentative production of energy at low levels (30) is a good candidate. This experimental condition proved to be essential for all further investigations on the reaction center in R. viridis because reaction centers are induced only by a drop in oxygen tension in the medium. Since microaerophilic growth occurs at 0.05 to 0.3% oxygen, the signal apparently is between 0.05% and zero oxygen; thus, the total arrest of respiratory activity is a necessary prerequisite and consequence. Since no fermentation process was found to energize the cells enough for growth, the addition of glucose is so far the only way to induce reaction centers.
For expression of reaction center genes by complementation, an appropriate reaction center-negative mutant must be produced. This could be done in alternative ways. Here we describe standard methods of chemical or UV mutagenesis to isolate Phot-mutants unable to grow phototrophically. Phot-mutants could derive their negative properties from a variety of gene defects, including defects of genes encoding enzymes of ubiquinone, menaquinone, carotenoid, heme, and bacteriochlorophyll b biosynthesis or defects of genes of the be1 complex. The probability that an organism with a Phot-phenotype has a puf mutation can be estimated as 10-2. Unfortunately, for technical reasons the method of enhanced fluorescence in mutant colonies with inactive reaction centers, as has been used for Rhodobacter capsulatus (36), could not be applied to R. viridis cells showing fluorescence at 1,063 nm (1) . Therefore Phot-mutants will have to be screened for expression of reaction center genes by immune hybridization, and negative colonies will need to be checked further for mutations in the structural genes to exclude regulatory mutants. This procedure might in the long run be more time consuming than construction specifically of mutants of the reaction center genes with help of the gene transfer system to be described.
